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We overview the constraints on the 4th-generation neutrino dark matter candidate and investigate a
possible way to make it a viable dark matter candidate. Given the LEP constraints tell us that the 4th-
generation neutrino has to be rather heavy (> MZ /2), in sharp contrast to the other three neutrinos,
the underlying nature of the 4th-generation neutrino is expected to be different. We suggest that an
additional gauge symmetry B − 4L4 distinguishes it from the standard model’s three lighter neutrinos
and this also facilitates promotion of the 4th-generation predominantly right-handed neutrino to a good
cold dark matter candidate. It provides distinguishable predictions for the dark matter direct detection
and the Large Hadron Collider experiments.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
Dark matter (DM) is one of the best evidences for physics
beyond-the-standard-model (BSM). DM consists of the 22% of the
energy budget of the Universe, which is much more than that of
the entire standard model (SM) particles. Thus, any BSM better
have a good DM candidate.
The 4th-generation (4G) scenario is one of the well-motivated
BSMs. We have already seen three generations; the 4G may exist as
well. Besides, the heavy 4G fermion masses may lead to dynamical
electroweak (EW) symmetry breaking [1–7]. Furthermore, whereas
CP violation from the SM, i.e. the phase in the CKM matrix, is not
large enough for successful EW baryogenesis, addition of another
generation opens up an important new avenue in this context [8].
There is also an argument that an even number of fermion gen-
erations is more natural from the string theory point of view [9,
10]. Lastly, there are also several anomalies, in particular, in CP vi-
olation in B-physics [11–15], which can be addressed simply by
adding another generation of quarks [16–19].
Indeed one of the appealing reasons to consider the 4G is be-
cause it is one of the simplest ways to extend the SM. We can
compare this to many other new physics scenarios including su-
persymmetry, extra dimension, and little Higgs whose structure is
much more complicated than simple addition of a fermion gen-
eration. In this context, it is important to note that whereas in
practically all BSMs the absence of ﬂavor-changing neutral current
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doi:10.1016/j.physletb.2011.08.051(FCNC) (say in b → sγ ) contributions beyond that of the SM is al-
ways a problem, the 4G easily accounts for this [20].
For these reasons the 4G scenario is recently getting increas-
ing attention. (For some examples, see Refs. [21–40].) Thus, it is of
great interest to develop natural DM candidates in the 4G models.
The 4G neutrino actually has some characteristics to be a good DM
candidate, e.g, electrically neutral and massive, but it does not sat-
isfy all experimental constraints to be a viable DM candidate. In
this Letter, we will review the constraints on the 4G neutrino DM
candidate and investigate a possible way out of these constraints.
The outline of the rest of this Letter is given as following. In
Section 2, we describe the constraints on the neutrino DM candi-
date. In Section 3, we describe our idea and approach. In Section 4,
we discuss some of the phenomenology of the model. In Section 5,
we summarize our result. In Appendix A, we describe a detail cal-
culation of the neutrino DM relic density.
2. Constraints on the neutrino dark matter candidate
One of the most stringent constraints on the 4G neutrinos
comes from the invisible Z decay width. The partial decay width
of the Z boson to light active neutrinos is given by Γ (Z → ν¯ν) =
N f × 0.17 GeV with N f being the number of generations, and
the LEP experiments tells us there are only three light active neu-
trino ﬂavors [41]. Thus, the 4G active neutrinos (i.e. those with
signiﬁcant left-handed neutrino component) are constrained by,
mν  MZ/2, and this is an important issue in all 4G models. (See,
for example, Ref. [42].) Since we consider a 4G neutrino as a DM
candidate, there are more constraints. A viable thermal DM can-
didate should (i) be cold, neutral, stable, (ii) satisfy the measured
H.-S. Lee et al. / Physics Letters B 704 (2011) 30–35 31Fig. 1. Direct detection of a massive neutrino dark matter candidate through the SM
Z boson. For the Dirac neutrino (Cν = V − A) case, the spin-independent cross sec-
tion (via V and V interaction) dominates. For the left-handed Majorana neutrino
(Cν = A) case, the spin-dependent cross section (via A and A interaction) domi-
nates.
DM relic density constraint [43], and (iii) satisfy the direct DM de-
tection bounds [44–46].
To satisfy the WMAP data, the DM relic density should be
Ωh2 ∼ 0.1 or smaller if there are multiple DMs. For a cold relic
neutrino (mν  1 MeV), the relic density requires mν  O(GeV)
for a Dirac neutrino, and the bound is not too different (only sev-
eral times larger) for a Majorana neutrino [47,48].
The direct detection constraint on the heavy neutrino DM de-
pends on the type of neutrino. For the 4G Dirac neutrino DM, there
is a spin-independent (or coherent) interaction from the V –V cou-
pling through the SM Z boson (see Fig. 1). The cross section per
nucleon is given as
σ SIν-nucleon
= 1
π
m2eff
(
Z f p + (A − Z) fn
A
)2
∼ 0.1G2Fm2eff ∼ 10−38 cm2 (1)
where meff = mνmpmν+mp with mν being the neutrino DM mass and mp
being the proton mass, and the couplings f p = GF2√2 (1− 4sin
2 θW )
for proton and fn = − GF2√2 for neutron. To satisfy the current
CDMS and XENON spin-independent cross section bounds (which
is roughly 10−44 cm2 level for the EW scale DM) [45,46], the neu-
trino mass should be many orders of magnitude larger than the
EW scale.
For the 4G Majorana neutrino DM, there is only a spin-
dependent interaction from the A–A coupling since the vectorial
coupling of a Majorana particle to a vector boson is always zero
(see Fig. 1). In supersymmetry (SUSY) models, the neutralino (a
Majorana fermion) DM candidate does not couple to Z through a
vectorial coupling for the same reason. The cross section is given
as
σ SDν-nucleon =
8G2F
π
m2eff
(
ap〈Sp〉 + an〈Sn〉
)2 J + 1
J
(2)
where the effective DM–nucleon couplings ap,n and the expecta-
tion values of the spin content of the nucleon within the nucleus
〈Sp,n〉 are inputs from nuclear physics. J is a total nuclear spin. The
XENON10 collaboration provided the interpretation of their results
in terms of the Majorana neutrino mass bound: mν  2 TeV [44]
for the standard model couplings. (See their paper for the detailed
assumptions.)
Summing up all of direct experimental constraints, we can see
that a 4G neutrino DM candidate (no matter it is Dirac or Ma-
jorana) should be very heavy to be consistent with the direct
detection constraint because of the expected large cross section
through a Z boson. (For an instance of earlier models with less
constraints, see Ref. [49]. There are also other indirect constraints
on the neutrino DM candidates, which is beyond the scope of our
Letter. For an instance among early works, see Ref. [50].) Assum-
ing the 4G neutrino is the sole DM candidate, this would be hardto accommodate without violating perturbative unitarity. This is a
major diﬃculty in considering the 4G neutrino as a DM candidate,
in addition to explaining why the 4G neutrino is heavy and sta-
ble. In the following section, we investigate what we need in order
to make a 4G neutrino a valid DM candidate and propose a pos-
sible approach that simultaneously attempts to address these twin
diﬃculties.
3. Our approach
We start by observing a similar history in the scalar neutrino
(sneutrino) DM candidate in the SUSY case. In earlier days, the
sneutrino (at that time the left-handed only) was one of the light-
est supersymmetric particle (LSP) DM candidates along with the
popular neutralino LSP. In 1994, it was excluded as a viable DM
candidate after it was found that the sneutrino mass range that
is consistent with the DM relic density bound cannot satisfy the
direct detection constraint [51]. The spin-independent direct de-
tection cross section would be σ SI
ν˜-nucleon ∼ G2Fm2eff ∼ 10−37 cm2,
which was larger than the experimental bound even at that time.
However, it was learned that if a rather (predominantly) right-
handed sneutrino is the LSP, and if there is a new massive gauge
boson Z ′ that couples to the right-handed sneutrino, it can be a
good LSP DM candidate in SUSY models [52]. (For other possible
ways to realize right-handed sneutrino as a thermal DM candi-
date, see, for instance, Refs. [53,54].) This became possible because
the major channel for the right-handed sneutrino is through the
Z ′ gauge boson whose mass and coupling are different from those
of the SM Z boson. Since we have a similar problem with the
left-handed neutrino in the 4G model, which is basically a severe
constraint coming from the fact that the SM Z boson is a major
channel, we employ a similar approach. We will introduce a new
gauge symmetry and take the 4G (predominantly) right-handed
neutrino as the DM candidate.
It might not seem appealing to introduce more than one new
physics. Nevertheless, the reality is that most of new ideas need an
auxiliary symmetry to be phenomenologically viable with issues
such as EW precision, proton stability, etc. SUSY needs R-parity or
an additional U (1) gauge symmetry such as U (1)B−L or U (1)B−xi L
[55]. Extra dimension needs K K -parity [56] and/or some custo-
dial symmetry. Little Higgs also needs T -parity [57] or something
similar. So it should be considered reasonable to introduce an ad-
ditional U (1) gauge symmetry as an auxiliary symmetry for the 4G
models. Typically, the auxiliary symmetries provide stability to the
DM candidates as well (LSP by R-parity, LKP by K K -parity, LTP by
T -parity). In fact, a new symmetry opens a possible avenue to ad-
dress simultaneously the issue of the heaviness of a 4G neutrino
compared to the three neutrinos of the SM.
Now, we will discuss more about the most important features
of our approach: (i) an auxiliary gauge symmetry U (1)B−4L4 , and
(ii) a right-handed Majorana neutrino DM candidate.
3.1. New gauge symmetry
Here, we investigate the possibility of an extra Abelian gauge
symmetry which has generation-dependent charges in the lepton
sector. We consider a B − xi L type of model, where B (L) stands
for the baryon (lepton) number and xi is a generation-dependent
constant. This type of model was studied for the usual three gen-
eration models in Refs. [55,58]. While the usual lore says B − L is
the only possible anomaly-free Abelian gauge extension unless one
adds extra fermion ﬁelds, it should be noted that this statement
is true only for the generation-independent charges case. With our
generation-dependent U (1) gauge symmetry, we may not need ex-
otic fermions that are charged under the SM gauge interactions.
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[SU(3)C ]2–U (1)′ , [U (1)′]3, and [gravity]2–U (1)′ anomalies are au-
tomatically zero. The sum of hypercharges is zero separately for
each family of quarks and for each family of leptons, and it makes
the [U (1)′]2–U (1)Y anomaly vanish. Thus we need to consider
only the remaining two anomaly conditions similarly to the afore-
mentioned [55,58].
[
SU(2)L
]2
–U (1)′: N f (3)
(
1
3
)
+
N f∑
i=1
(−xi) = 0 (3)
[
U (1)Y
]2
–U (1)′:
N f (3)
[
2
(
1
6
)2
−
(
2
3
)2
−
(
−1
3
)2](1
3
)
+
[
2
(
−1
2
)2
− (−1)2
] N f∑
i=1
(−xi) = 0 (4)
Both are satisﬁed if
N f∑
i=1
xi = N f (5)
where N f = 4 is the number of total fermion generations. We want
xk(for k = 1,2,3) = 0 
= x4 to keep the regular seesaw mechanism
only for the SM neutrinos and avoid it for the 4G neutrinos. This
leads to
x1 = x2 = x3 = 0, x4 = 4 (6)
which means that the charge of our new U (1) model should be
Q = B − 4L4 (7)
This is a similar form to the aforementioned B − 3Lτ of a typical
three generation model in Ref. [58] except that it is the 4G leptons
that have nonzero charges. The charge is B = 1/3 for all the quarks,
0 for the SM leptons, and −4L4 = −4 for the 4G leptons. Thus, the
charge is effectively the baryon number (B) for the SM particles.
3.2. Right-handed neutrino dark matter candidate
In our model, the 4G right-handed neutrino (N4) has a nonzero
U (1)′ charge Q[N4] = −4, and the Majorana neutrino mass term
would require SN4N4 type of term where S is a Higgs singlet
that can break the U (1)′ gauge symmetry spontaneously. It ﬁxes
Q[S] = −2Q[N4] = 8. Then 4G neutrino Lagrangian would be
L ∼ yD L4HN4 + yS SN4N4 (8)
which gives the 4G neutrino mass matrix of mν ∼
(
0 yD vD
yD vD yS v S
)
with vD = 〈H〉 and v S = 〈S〉. The seesaw mechanism would work
for yD vD < yS v S , which makes the lighter neutrino always pos-
sess signiﬁcant left-handed component that couples to the SM
Z boson. Thus, in order to have the (predominantly) right-handed
neutrino as the lightest 4G neutrino, we need to change the mass
matrix.
For one possibility, one can introduce a Higgs triplet T (or
more) that can give a mass term to the left-handed neutrinos. It
would allow
L ∼ yT T L4L4 + yD L4HN4 + yS SN4N4 (9)
which gives the mass matrix of mν ∼
(
yT vT yD vD
yD vD yS v S
)
with vT = 〈T 〉.
(See Ref. [59] to see some details in using Higgs triplets in B −3LτFig. 2. Direct detection of a massive right-handed Majorana neutrino dark matter
candidate through Z ′ boson of the U (1)B−4L4 . It predicts null results for both the
spin-independent and spin-dependent cross sections.
model.) In this case, we would need a condition yT vT > yS v S and
yD vD  0 to ensure that the lightest 4G neutrino is predominantly
right-handed. (Though a detailed analysis would be called for, such
an EW scale vacuum expectation value of the Higgs triplet could
be still consistent with the EW precision data, due to the possible
cancellations between the Higgs and the 4G fermions in computing
the oblique corrections [60,61].) In our analysis, we will work in
the limit in which the mixing between the 4G left-handed neutrino
and the 4G right-handed neutrino is negligible when forming the
mass eigenstates.
It is conceivable to introduce a Z2 parity which gives odd par-
ity only for 4G leptons in order to ensure the lightest 4G lep-
ton is stable. Since the lightest neutrino would be predominantly
right-handed, it might be stable enough to be a good DM candi-
date without the parity though. The N4 would not decay to the
SM particles through the Yukawa term LSMHN4 since the Yukawa
term is forbidden by the B − 4L4 symmetry. The nonrenormal-
izable effective Yukawa terms (S/Λ)nLkHN4 (for k = 1,2,3) and
(H¯ H/Λ2)nLkHN4 are also forbidden since their total charges are
8n − 4 and −4, respectively.
There are other possibilities for the neutrino masses including
the extra dimensions [62]. Since the details of realization of the
right-handed neutrino as the lightest 4G neutrino and its associ-
ated phenomenology are beyond the interest of our current study,
we do not discuss them further in this Letter.
4. Discussion on the 4th-generation neutrino dark matter
The numerical calculation of the 4G right-handed neutrino relic
density is given in Appendix A. As it is detailed there, though the
4G right-handed neutrino couples only to the Z ′ gauge boson, the
right relic density can be easily achieved using the Z ′ resonance.
In this sense, our model predicts that the mass of the 4G right-
handed neutrino is close to MZ ′/2. Since the 4G fermion masses
cannot be much larger than EW scale because of perturbative uni-
tarity and the 4G right-handed neutrino should be the lightest
among the 4G leptons to be a good DM candidate, it implies the Z ′
should be EW/TeV scale, which is interesting for the Large Hadron
Collider (LHC) phenomenology. The direct detection cross section
for the 4G right-handed neutrino DM candidate is predicted to be
negligible. The Majorana neutrino has only an axial-vector coupling
to Z ′ and the quarks have only vector couplings to Z ′ in our model.
Thus, our model predicts the null results for the spin-independent
and spin-dependent direct detection cross sections in the nonrela-
tivistic limit (see Fig. 2).
As we look back, we can see all the constraints are satisﬁed
in our model. (1) Invisible Z width is satisﬁed as the 4G left-
handed neutrino is heavy. (2) The 4G right-handed neutrino DM
candidate is massive, neutral and stable. (3) The right relic density
can be achieved through the Z ′ resonance. (4) The direct detec-
tion bound is satisﬁed as our model predicts null result for both
spin-independent and spin-dependent cross sections. Thus, the 4G
right-handed neutrino in our model is a viable DM candidate and
H.-S. Lee et al. / Physics Letters B 704 (2011) 30–35 33Fig. 3. (Color online.) The constraints on Z ′ in the dijet search from the CMS [64]
data (red dots) with integrated luminosity of 1 fb−1 and from the ATLAS [65] data
(blue dots) with integrated luminosity of 0.81 fb−1. The predicted events at LHC
through the Z ′ boson of the U (1)B−4L4 with a range of coupling constant (for in-
stance, gX = 0.3) lie below the current reach of the CMS and ATLAS data. Also
plotted are the predicted signals from the sequential Z ′ model (green dashes) for
the comparison.
an additional U (1) gauge symmetry (B − 4L4) is well motivated as
an auxiliary symmetry for the 4G scenarios.
We have not discussed aspects on the collider experiments.
Though it is not our purpose of this Letter to study them in de-
tail, there are some immediate observations one can make for
the LHC experiments in our model. (1) Null result for the typical
dilepton resonance (q¯q → Z ′ → ¯) since Q[SM] = 0 (practically
leptophobic Z ′). (2) Dijet resonance (q¯q → Z ′ → q¯q) would be ob-
servable if they can be distinguished from the backgrounds, since
Z ′ couples to quarks. (3) New 4G particle production channels
(q¯q → Z ′ → q¯4q4, e¯4e4) are available.
The dijet resonance searches already provide some limits for
the couplings [63–65]. Fig. 3 shows our estimated dijet Z ′ res-
onance cross section at the LHC experiments with
√
s = 7 TeV.
For our estimation, we used narrow width approximation with the
higher-order correction K -factor K = 1.3 and acceptance A = 0.5.
The estimation shows that our model with a wide range of cou-
pling constant (for instance, gX = 0.3) is not ruled out by the
current LHC data of dijet resonance search at the CMS and the
ATLAS (with integrated luminosity of 1 fb−1 and 0.81 fb−1, re-
spectively).
When an auxiliary symmetry is introduced, it changes the pre-
dictions of the new physics. For instance, major SUSY discovery
channels are signiﬁcantly different depending on the presence of
the R-parity or some U (1) gauge symmetries that are introduced
for the proton stability in the SUSY models [55,66]. In our model,
the B − 4L4 symmetry allows large production of the 4G fermions
through the on-shell resonance of the Z ′ at the LHC. Considering
that the off-shell gluon channel (q¯q → g∗ → q¯4q4) is the major
4G production channel in the usual 4G scenarios, we can see the
chance to observe the 4G signal is much larger in the presence
of the auxiliary symmetry U (1)B−4L4 . Since Q[H] = 0, any signals
from the Z ′ → Z + H at the LHC such as discussed in Refs. [67,68]
would be absent.
5. Summary and outlook
We reviewed the constraints on the 4G neutrino DM candidate,
and developed a possible way to get around it. It is shown that
a 4G right-handed neutrino that couples to the EW/TeV scale Z ′
can be a good DM candidate. This motivates an additional gauge
symmetry U (1)B−4L4 as an auxiliary gauge symmetry of the 4Gscenarios. Among the leptons, only the 4G ones are charged under
the new gauge symmetry, and it explains relevant constraints from
various data including the LEP Z width measurement, DM direct
detection experiments, and DM relic density measurement. Espe-
cially, it predicts that the typical DM direct detection experiments
would not see any signal, casting a need to develop new methods
to detect this kind of DM.
In our picture, the matter energy budget of our Universe might
be dominated by the 4G. The 4G scenario not only predicts new
fermions, but also predict a new ﬂavor-dependent gauge symmetry
at EW/TeV scale, which leads to distinguishable predictions for the
LHC phenomenology.
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Appendix A. Relic density of the 4th-generation neutrino dark
matter candidate
Here we discuss the detailed calculation of the relic density of
the 4G right-handed neutrino DM candidate. Under B − 4L4 gauge
symmetry, the Z ′ gauge boson does not couple to the ﬁrst three
generation leptons. The relevant Lagrangian is given by
LZ ′int = gX Z ′μ
[
1
6
q¯γ μq − 2e¯4γ μe4 − 2ν¯4Lγ μγ5ν4L
− 2ν¯4Rγ μγ5ν4R
]
(A.1)
where gX is the coupling constant, q are the quarks including the
4G ones, e4 is the charged lepton in the 4G, ν4L and ν4R are the
4G Majorana neutrinos. Above, we have neglected a possible small
mixing between the chiral neutrinos as discussed before. We will
adopt the typical DM notation χ ≡ ν4R .
The decay widths of the Z ′ boson into the quarks and the 4G
leptons are
Γ
(
Z ′ → q¯q)= NC MZ ′
12π
[
gX
6
]2√
1− 4 M
2
q
M2Z ′
(
1+ 2 M
2
q
M2Z ′
)
(A.2)
Γ
(
Z ′ → e¯4e4
)= MZ ′
12π
[2gX ]2
√
1− 4M
2
e4
M2Z ′
(
1+ 2M
2
e4
M2Z ′
)
(A.3)
Γ
(
Z ′ → ν¯4Lν4L
)= 1
2
MZ ′
12π
[2gX ]2
[
1− 4M
2
ν4L
M2Z ′
]3/2
(A.4)
Γ
(
Z ′ → χ¯χ)= 1
2
MZ ′
12π
[2gX ]2
[
1− 4 M
2
χ
M2Z ′
]3/2
(A.5)
where NC = 3.
The annihilation cross section for the process χχ → Z ′ → q¯q is
given as
σ vrel(χχ → q¯q) = g
4
X
12π
sβ2χβq[1− β2q /3]
(s − M2Z ′)2 + M2Z ′Γ 2Z ′
(A.6)
where v is the relative velocity between colliding DM particles, s =
16M2χ/(4− v2), βq =
√
1− 4M2q/s, and βχ =
√
1− 4M2χ/s = v/2.
For deﬁniteness, we assume the ﬁnal states are the SM quarks
(all three generations) only, although it is in principle possible to
have the 4G quarks lighter than the 4G right-handed neutrino DM
34 H.-S. Lee et al. / Physics Letters B 704 (2011) 30–35Fig. 4. (Color online.) The relic density of the dark matter vs. the dark matter mass
for MZ ′ = 400 GeV (dashed) and 800 GeV (solid) with a coupling constant gX = 0.3.
The green band is the WMAP measured dark matter relic density.
candidate. The SM leptons do not carry the U (1)B−4L4 charge and
cannot be the ﬁnal states in the Z ′ mediated annihilation.
The DM relic density at present is given by (see e.g. Ref. [69])
Ωχh
2 ≈ 1.07× 10
9 GeV−1
J
√
g∗MPl
(A.7)
where g∗ is the number of degrees of freedom of the relativistic
particles at the time of freeze-out, MPl = 1.22 × 1019 GeV is the
Planck mass. The quantity J is given as
J =
x f∫
0
dx 〈σ v〉 =
x f∫
0
dx
∞∫
0
dv
v2e−v2/4x
2
√
πx3
σ v(χχ → all)
with x ≡ T
Mχ
(A.8)
and x f = T f /Mχ is the reduced freeze-out temperature.
In order to generate the right amount of DM, the annihila-
tion should occur near the vicinity of the Z ′ pole. In Fig. 4, we
present for two Z ′ masses MZ ′ = 400, 800 GeV with a coupling
constant gX = 0.3. It shows that in order to satisfy the relic den-
sity constraint from WMAP, 0.09 < Ωχh2 < 0.13 [43], which is
indicated by the green band, the DM mass has to be close to a
half of Z ′ mass. The relic density can be satisﬁed on both sides of
the Z ′ resonances. For some recent works on DM annihilation via
Z ′ boson, see e.g. Refs. [52,70,71].
We further illustrate the relic density constraint on the mass re-
lations between the DM and the Z ′ boson in Fig. 5 for the coupling
constant gX = 0.3 and 0.6. The red (blue) bands for gX = 0.3 (0.6)
are plotted for the relic density in the range 0.09 < Ωχh2 < 0.13.
The upper edges of the blue and red bands that are above the
MZ ′ = 2Mχ line (black dashed) correspond to Ωχh2 = 0.13. For
the two bands below the MZ ′ = 2Mχ line, the upper edges of
the bands correspond to Ωχh2 = 0.09. Fig. 5 shows that the de-
crease in the magnitude of the gauge coupling gX from gX = 0.6
to gX = 0.3 results in the shift of the DM mass Mχ towards the
resonance. The DM has to annihilate closer to the resonance for
a smaller coupling constant in order to maintain the cross section
that produces the right amount of DM. Fig. 5 also shows that the
DM annihilates closer to the resonance on the right-hand side of
the pole, which are indicated by the bands below the MZ ′ = 2Mχ
line, than on the left-hand side of the pole which are indicated by
the bands above the MZ ′ = 2Mχ line.
In Fig. 6, we exhibit the relevant decay widths of the Z ′ boson.
The mass relation between the DM and the Z ′ boson is constrainedFig. 5. (Color online.) The black-dashed line corresponds to the relation MZ ′ = 2Mχ .
The red (blue) bands are where the condition 0.09< Ωχh2 < 0.13 is satisﬁed when
gX = 0.3 (0.6). We assume that the other particles in the fourth generation are
heavier so that they do not contribute to the Z ′ decay widths and dark matter
thermal annihilation cross section.
Fig. 6. (Color online.) Decay widths of the Z ′ boson for gX = 0.3 (red) and gX = 0.6
(blue). Γχχ is the decay width to the 4G right-handed neutrino dark matter ﬁnal
state, and Γhad is the sum of all SM quarks contribution. In the plot, the mass of
the right-handed neutrino is chosen to satisfy the relic density constraint in Fig. 5
and the Z ′ can decay into its pair.
by the relic density of the DM, which is indicated by the mass
bands in Fig. 5. Since the Z ′ has a relatively larger coupling to
the 4G leptons than the quarks in our model, the DM branching
ratio can be quite large and comparable to the sum of the hadronic
branching ratios from the ﬁrst three generation quarks. Fig. 6 also
shows the DM branching ratio is larger for gX = 0.6 than gX =
0.3. This is because a larger coupling constant separates the DM
mass from the Z ′ boson resonance further (i.e. makes the DM mass
smaller) in order to satisfy the relic density constraint.
References
[1] B. Holdom, Phys. Rev. Lett. 57 (1986) 2496;
B. Holdom, Phys. Rev. Lett. 58 (1987) 177 (Erratum).
[2] J. Carpenter, R. Norton, S. Siegemund-Broka, A. Soni, Phys. Rev. Lett. 65 (1990)
153.
[3] S.F. King, Phys. Lett. B 234 (1990) 108.
[4] C.T. Hill, M.A. Luty, E.A. Paschos, Phys. Rev. D 43 (1991) 3011.
[5] G. Burdman, L. Da Rold, JHEP 0712 (2007) 086, arXiv:0710.0623 [hep-ph].
[6] P.Q. Hung, C. Xiong, Nucl. Phys. B 847 (2011) 160, arXiv:0911.3890 [hep-ph].
[7] M. Hashimoto, V.A. Miransky, Phys. Rev. D 81 (2010) 055014, arXiv:0912.4453
[hep-ph].
[8] W.S. Hou, Chin. J. Phys. 47 (2009) 134, arXiv:0803.1234 [hep-ph];
See also Refs. [72–75].
H.-S. Lee et al. / Physics Letters B 704 (2011) 30–35 35[9] M. Cveticˇ, G. Shiu, A.M. Uranga, Nucl. Phys. B 615 (2001) 3, arXiv:hep-th/
0107166.
[10] R.F. Lebed, V.E. Mayes, arXiv:1103.4800 [hep-ph].
[11] E. Lunghi, A. Soni, JHEP 0709 (2007) 053, arXiv:0707.0212 [hep-ph].
[12] E. Lunghi, A. Soni, Phys. Lett. B 666 (2008) 162, arXiv:0803.4340 [hep-ph].
[13] A. Lenz, et al., Phys. Rev. D 83 (2011) 036004, arXiv:1008.1593 [hep-ph].
[14] M. Bona, et al., UTﬁt Collaboration, Phys. Lett. B 687 (2010) 61, arXiv:0908.3470
[hep-ph].
[15] E. Lunghi, A. Soni, Phys. Lett. B 697 (2011) 323, arXiv:1010.6069 [hep-ph].
[16] A. Soni, A.K. Alok, A. Giri, R. Mohanta, S. Nandi, Phys. Lett. B 683 (2010) 302,
arXiv:0807.1971 [hep-ph].
[17] S. Nandi, A. Soni, arXiv:1011.6091 [hep-ph].
[18] A.J. Buras, B. Duling, T. Feldmann, T. Heidsieck, C. Promberger, S. Recksiegel,
JHEP 1009 (2010) 106, arXiv:1002.2126 [hep-ph].
[19] W.S. Hou, C.Y. Ma, Phys. Rev. D 82 (2010) 036002, arXiv:1004.2186 [hep-ph].
[20] E. Lunghi, A. Soni, arXiv:1104.2117 [hep-ph].
[21] E. De Pree, G. Marshall, M. Sher, AIP Conf. Proc. 1200 (2010) 639.
[22] J. Alwall, J.L. Feng, J. Kumar, S. Su, Phys. Rev. D 81 (2010) 114027, arXiv:
1002.3366 [hep-ph].
[23] J. Erler, P. Langacker, Phys. Rev. Lett. 105 (2010) 031801, arXiv:1003.3211 [hep-
ph].
[24] X.G. He, S.Y. Ho, J. Tandean, H.C. Tsai, Phys. Rev. D 82 (2010) 035016, arXiv:
1004.3464 [hep-ph].
[25] K. Kong, S.C. Park, T.G. Rizzo, JHEP 1007 (2010) 059, arXiv:1004.4635 [hep-ph].
[26] L.M. Carpenter, A. Rajaraman, Phys. Rev. D 82 (2010) 114019, arXiv:1005.0628
[hep-ph].
[27] O. Eberhardt, A. Lenz, J. Rohrwild, Phys. Rev. D 82 (2010) 095006, arXiv:
1005.3505 [hep-ph].
[28] D. Das, D. London, R. Sinha, A. Soffer, Phys. Rev. D 82 (2010) 093019, arXiv:
1008.4925 [hep-ph].
[29] M.S. Chanowitz, Phys. Rev. D 035018 (2010), arXiv:1007.0043 [hep-ph].
[30] S. Dawson, P. Jaiswal, Phys. Rev. D 82 (2010) 073017, arXiv:1009.1099 [hep-ph].
[31] K. Ishiwata, M.B. Wise, Phys. Rev. D 83 (2011) 074015, arXiv:1103.0611 [hep-
ph].
[32] C. Anastasiou, S. Buehler, E. Furlan, F. Herzog, A. Lazopoulos, arXiv:1103.3645
[hep-ph].
[33] A. Soni, A.K. Alok, A. Giri, R. Mohanta, S. Nandi, Phys. Rev. D 82 (2010) 033009,
arXiv:1002.0595 [hep-ph].
[34] W.Y. Keung, P. Schwaller, arXiv:1103.3765 [hep-ph].
[35] A. Lenz, H. Pas, D. Schalla, arXiv:1104.2465 [hep-ph].
[36] D. Atwood, S.K. Gupta, A. Soni, arXiv:1104.3874 [hep-ph].
[37] I. Masina, F. Sannino, arXiv:1105.0302 [hep-ph].
[38] R.C. Cotta, J.L. Hewett, A. Ismail, M.P. Le, T.G. Rizzo, arXiv:1105.0039 [hep-ph].
[39] C. Smith, arXiv:1105.1723 [hep-ph].
[40] V. Barger, W.Y. Keung, B. Yencho, arXiv:1105.1780 [hep-ph].
[41] K. Nakamura, et al., Particle Data Group, J. Phys. G 37 (2010) 075021.
[42] S.F. King, Phys. Lett. B 281 (1992) 295.
[43] E. Komatsu, et al., WMAP Collaboration, Astrophys. J. Suppl. 192 (2011) 18,
arXiv:1001.4538 [astro-ph.CO].
[44] J. Angle, et al., Phys. Rev. Lett. 101 (2008) 091301, arXiv:0805.2939 [astro-ph].[45] Z. Ahmed, et al., CDMS-II Collaboration, Science 327 (2010) 1619, arXiv:
0912.3592 [astro-ph.CO].
[46] E. Aprile, et al., XENON100 Collaboration, arXiv:1104.2549 [astro-ph.CO].
[47] B.W. Lee, S. Weinberg, Phys. Rev. Lett. 39 (1977) 165.
[48] E.W. Kolb, K.A. Olive, Phys. Rev. D 33 (1986) 1202;
E.W. Kolb, K.A. Olive, Phys. Rev. D 34 (1986) 2531 (Erratum).
[49] G.E. Volovik, Pis’ma Zh. Eksp. Teor. Fiz. 78 (2003) 1203, JETP Lett. 78 (2003)
691, arXiv:hep-ph/0310006.
[50] D. Fargion, M.Y. Khlopov, R.V. Konoplich, R. Mignani, Phys. Rev. D 52 (1995)
1828.
[51] T. Falk, K.A. Olive, M. Srednicki, Phys. Lett. B 339 (1994) 248, arXiv:hep-ph/
9409270.
[52] H.S. Lee, K.T. Matchev, S. Nasri, Phys. Rev. D 76 (2007) 041302, arXiv:hep-ph/
0702223.
[53] D.G. Cerdeno, C. Munoz, O. Seto, Phys. Rev. D 79 (2009) 023510, arXiv:
0807.3029 [hep-ph].
[54] D.G. Cerdeno, O. Seto, JCAP 0908 (2009) 032, arXiv:0903.4677 [hep-ph].
[55] H.S. Lee, E. Ma, Phys. Lett. B 688 (2010) 319, arXiv:1001.0768 [hep-ph].
[56] H. Georgi, A.K. Grant, G. Hailu, Phys. Lett. B 506 (2001) 207, arXiv:hep-ph/
0012379.
[57] H.C. Cheng, I. Low, JHEP 0309 (2003) 051, arXiv:hep-ph/0308199.
[58] E. Ma, Phys. Lett. B 433 (1998) 74, arXiv:hep-ph/9709474.
[59] E. Ma, U. Sarkar, Phys. Lett. B 439 (1998) 95, arXiv:hep-ph/9807307.
[60] G.D. Kribs, T. Plehn, M. Spannowsky, T.M.P. Tait, Phys. Rev. D 76 (2007) 075016,
arXiv:0706.3718 [hep-ph].
[61] H.J. He, N. Polonsky, S.f. Su, Phys. Rev. D 64 (2001) 053004, arXiv:hep-ph/
0102144.
[62] N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, J. March-Russell, Phys. Rev. D 65
(2002) 024032, arXiv:hep-ph/9811448.
[63] T. Aaltonen, et al., CDF Collaboration, Phys. Rev. D 79 (2009) 112002, arXiv:
0812.4036 [hep-ex].
[64] CMS Collaboration, arXiv:1107.4771 [hep-ex].
[65] ATLAS Collaboration, ATLAS-CONF-2011-095.
[66] H.S. Lee, Phys. Lett. B 674 (2009) 87, arXiv:0812.1854 [hep-ph].
[67] V. Barger, P. Langacker, H.S. Lee, Phys. Rev. Lett. 103 (2009) 251802, arXiv:
0909.2641 [hep-ph].
[68] A. Katz, M. Son, B. Tweedie, JHEP 1103 (2011) 011, arXiv:1010.5253 [hep-ph].
[69] K. Griest, D. Seckel, Phys. Rev. D 43 (1991) 3191.
[70] D. Feldman, Z. Liu, P. Nath, Phys. Rev. D 75 (2007) 115001, arXiv:hep-ph/
0702123.
[71] T. Hur, H.S. Lee, S. Nasri, Phys. Rev. D 77 (2008) 015008, arXiv:0710.2653 [hep-
ph];
H.S. Lee, AIP Conf. Proc. 1078 (2009) 569, arXiv:0808.3600 [hep-ph].
[72] R. Fok, G.D. Kribs, Phys. Rev. D 78 (2008) 075023, arXiv:0803.4207 [hep-
ph].
[73] C. Jarlskog, R. Stora, Phys. Lett. B 208 (1988) 268.
[74] F. del Aguila, J.A. Aguilar-Saavedra, Phys. Lett. B 386 (1996) 241, arXiv:hep-ph/
9605418.
[75] F. del Aguila, J.A. Aguilar-Saavedra, G.C. Branco, Nucl. Phys. B 510 (1998) 39,
arXiv:hep-ph/9703410.
